Voltammetric quantification of the electrode kinetics for the quasi-reversible reaction Ox þ ne
Red requires detailed experiment-theory comparisons. Ideally, predicted data derived from the theoretical model are fitted to the experimental data by adjusting the reversible potential (E 0 ), heterogeneous electron transfer rate constant at E 0 (k 0 ), and charge transfer coefficient a, with mass-transport and other parameters exactly known. However, parameters relevant to mass transport that include electrode area (A), diffusion coefficient (D), and concentration (c) , are usually subject to some uncertainty. Herein, we examine the consequences of having different combinations of errors present in A, D, and c in the estimation of E 0 , k 0 , and a on the basis of the a.c. (alternating current) voltammetric experiment-theory comparisons facilitated by the use of a computer-assisted parameter optimisation algorithm. In most cases, experimentally reasonable errors (,10 %) in the mass-transport parameters do not introduce significant errors in recovered E 0 , k
Introduction
State-of-the-art electrode kinetic analysis of transient electrochemical data invariably requires undertaking extensive comparisons of experimental and simulated data. In the case of d.c.
(direct current) cyclic voltammetry, the basis of the theory for a quasi-reversible process (Reaction 1) occurring at a stationary electrode with the oxidised (Ox) and reduced species (Red) both being dissolved in the electrolyte solution were first elaborated by Nicholson and Shain. [1, 2] Ox þ ne
The numerically solved theory as presented by these authors employed the Butler-Volmer model for the heterogeneous electron transfer step and Fick's laws to describe the mass transport. In later developments, Ohm's law was introduced to account for the effect of uncompensated resistance (R u ), and a double-layer capacitance (C dl ) model for the background current was included in simulations of d.c. voltammetry. [3] Theory derived from the developments of Marcus and Hush [4] also can be employed to describe the heterogeneous electron transfer kinetics, but the simpler Butler-Volmer model is ubiquitously applied in simulations undertaken to mimic the electrode kinetics. In this scenario, parameters needed for voltammetric simulation of Reaction 1 may include the following: number of electrons transferred (n), . [5, 6] However, the parameters of interest in a voltammetric electrode kinetic study are E 0 , k 0 , and a. Ideally, all other system parameters should be known or derived from independent techniques.
The least problematic parameters are usually the instrumentally set potential-time ones and T. In most cases, R u can be estimated with reasonable accuracy by electrochemical impedance spectroscopy (EIS). A reasonable estimate of C dl is also available from the analysis of EIS data, but the background current model for the region where faradaic current is present can be estimated more reliably from analysis and interpolation of voltammetric data in the potential region devoid of any detectable faradaic current. The simple and widely used potentialand time-independent C dl model is in fact inappropriate under many experimental conditions. [6, [7] [8] [9] The number of electrons transferred in Reaction 1 should be known from coulometric data derived from exhaustive electrolysis or by other methods.
In the simplest and most frequently encountered type of voltammetric experiment, the electroactive species of interest is present only in bulk solution in the oxidised or reduced form, so that the concentration of product can be accepted to be zero at the start of the experiment. Assuming sample preparation weighing or volumetric errors are minimal, then significant uncertainties in concentration of the starting compound(s) should only arise from undesired transformations (e.g. Red is oxidised by air oxygen to produce Ox) or solvent evaporation during the course of the experiment.
Determination of the electrode area and the diffusion coefficients is almost invariably undertaken using electrochemical techniques that are briefly reviewed in the Results and Discussion section. The geometric surface area of a disk electrode is often not suitable as an input parameter for A in simulations owing to surface roughness and imperfections at the edge. Accurate estimation of the electrochemically relevant A value requires the use of a system with well-known diffusivity. Typically, the one-electron oxidation of a millimolar-level ferrocene (Fc 0 ) solution in acetonitrile containing, say, 100 mM (n-Bu) 4 6 ] 3þ have been established electrochemically in many studies and, importantly, in the case of Fc 0 , its value has been confirmed independently by NMR spectroscopy in some solvents. [10] However, caution should be taken in using [Fe(CN) 6 ] 3À , as heterogeneous kinetics for reduction of these species are notorious for being highly surface-sensitive (see Morris et al. [11] and references therein). After A is determined by the use of electrochemical methods, the same methods are usually applied for estimation of D of the test compound, assuming that n, A, and c are now exactly known. Ideally, the diffusion coefficients of both Ox and Red should be known, but in many cases the D values are assumed to be equal.
In line with the above survey, estimated A and D parameters are inevitably subject to experimental uncertainties, as are of course c and R u . All these sources of error contribute to the current magnitude in a transient voltammetric experiment and can corrupt estimates of k 0 , which is the parameter of interest in electrode kinetic studies. In particular, the current magnitude in a.c. harmonics of a Fourier-transformed (FT) a.c. voltammogram depends on all these parameters and propagation of errors can occur. In the present paper, the consequences of errors in the mass-transport parameters (A, D, c) on the quantification of the electrode kinetics on the basis of the voltammetric experimenttheory comparisons are explored with a computer-aided method of data analysis [6, 8, 11, 12] applied to recover the parameters relevant to the quasi-reversible process given in Reaction 1.
Methods
Simulations of voltammograms are based on the Butler-Volmer model for electron transfer and either a planar diffusion (MECSim software [13] ) or two-dimensional diffusion model to an inlaid disk electrode (DigiElch-Professional 7.F software [14] ) for mass transport. The principles of the data optimisation method used for the parameter recovery using the Nimrod/O tool kit are described elsewhere. [6, 8, 11, 12] The principles of FT a.c. voltammetry were reviewed recently and extensive details are available from Bond et al. [5, 6] In brief, a potential waveform used in this form of voltammetric analysis is derived from combining a linear sweep and a large-amplitude periodic perturbation, which is most frequently a sinusoid with DE . 0.05 V and a frequency 9 # f , 1000 Hz. Application of the E(t) waveform of this kind to a system where a process like Reaction 1 occurs induces a non-linear response in faradaic current, viz. generation of the second-and higher-order harmonics with frequencies 2f, 3f, etc. in addition to the aperiodic (d.c.) component and fundamental harmonic having a frequency f. Each component can be extracted from the total current (I) versus time signal via the use of the Fourier transform-band selection and filtering-inverse Fourier transform operations and analysed individually. The analysis can be based either on a heuristic approach, or employ the automated methods of data analysis as applied in the present study.
Results and Discussion

Brief Overview of Electrochemical Methods Commonly Used for the Determination of a Consistent Set of [A, D, c] Combinations
Analytical solutions to theory available for potential-independent diffusion-limited current data generated from near steady-state methods with the use of microelectrodes or rotating macrodisk electrodes (RDE) are extremely useful for quantification of A, D or c, when two of these three parameters and n are known. However, the use of microelectrodes under near-steady-state conditions and theory based on radial diffusion can be problematic in high-viscosity media, e.g. ionic liquids, where contributions from planar diffusion are likely to be significant. [15] Highviscosity media also are detrimental to application of the RDE. [15] In transient forms of voltammetry, peak current value (I p ) and its dependence on the scan rate (v) are often used for estimation of the [A, D, c] combinations via the Randles-Š evčik relationship, which is strictly valid for semiinfinite planar diffusion of a species undergoing reversible (infinitely fast) electron transfer under conditions of zero R u . [3, 16] Quasi-reversible electrode kinetics, presence of significant IR u , and use of a millimetre-sized disk electrode produce substantial errors in A, D, or c derived from the I p -v 1/2 dependencies with inappropriate use of the Randles-Ševčik relationship [17] as exemplified by data provided in Fig. 1 and Table 1 .
Chronoamperometry in the diffusion controlled I-t regime is, arguably, the most reliable transient method for quantification of the mass-transport parameters A, D, and c. Importantly, the presence of the edge diffusion produces very small errors in the [18, 19] However, on the negative side, the semiintegrated form of the d.c. voltammetric data is sensitive to the edge diffusion effect, resulting in progressively increasing with time (potential) deviation of the semiintegral of the voltammetric response from the planar diffusion-predicted limiting value. Methods to resolve this 'sloping plateau' impediment and limitations thereof have been communicated recently. [18, 19] Apart from the abovementioned limitations, the majority of which are associated with ubiquitous use of inlaid disk electrodes in experiments with theory being commonly derived for strictly planar diffusion, [17] [18] [19] [20] errors in mass-transport parameters can be also introduced by technical imperfections (predominantly affecting c). Thus, 5 to 10 % errors in combinations of A, D, and c are common.
Consequences of [A, D, c] Error Combinations in the Quantification of Electrode Kinetics
The classical theory of d.c. cyclic voltammetry [2] implies that difference in the oxidation and reduction peak potentials (DE p ) can be used as a direct measure of the electrode kinetics. Correlation between the peak-to-peak separation and a dimensionless kinetic parameter c enables the determination of k 0 , e.g. by using look-up tables published by Nicholson and Shain, [1, 2] or by undertaking simulations based on this theory.
When Reaction 1 is considered, c is defined as
Hence, when the assumption ; and (b) Cottrell plots derived from simulation of Reaction 1 (n ¼ 1) using two-dimensional diffusion with an inlaid disk electrode (d ¼ 50 mm (black), 3 mm (blue) and 1 mm (red)). In panel (b) , squares are simulated data and lines are linear regression fits to these data. Simulation parameters: [3, 6] When experiment-theory comparisons are undertaken with a.c. voltammetric data, errors present in the determined k 0 resulting from uncertainties in the [A, D, c] combinations cannot be predicted from an analytical relationship. Now, the current magnitude also becomes a major parameter that strongly depends on k 0 and a. On this basis, we examined the consequences of errors in A, D, and c on the reliability of parameter recovery for Reaction 1 from a.c. voltammetric data with the aid of a computer-assisted method of data analysis available in the Nimrod/O tool kit. [6, 8, 11] The Nimrod/O parameter optimisation algorithm minimises the objective function C, which is the measure of the quality of experiment-theory agreement and is defined as
where h is an arbitrary integer assigned to the aperiodic (d.c.) or a.c. harmonic component, H is the total number of the components evaluated, f To exclude artefacts in analysis introduced from the effects of R u , C dl , background processes, and other experimental factors, we used simulated data for Reaction 1 with exactly known values of input parameters as a surrogate experiment. These 'experimental' data were simulated for reversible and Butler-Volmer quasi-reversible electron transfer kinetics (k 0 input ¼ 10 2 and 10 À4 m s À1 , respectively) with mass-transport by two-dimensional diffusion to a disk electrode, but fitted with models based on one-dimensional planar diffusion and incorrect combinations of A, D (assuming D Ox ¼ D Red ), and c Ox to recover E 0 , k 0 , and a. Use of the theoretically simple planar diffusion model for fitting experimental data obtained at a disk electrode is widespread in a.c. and d.c. voltammetry and ignores radial diffusion. Fortunately, the higher-order a.c. harmonic components are insensitive to the radial or edge diffusion effect (Fig. 3) . [6] This strategy simplifies the parameter optimisation and mimics the routine form of electrode kinetics analysis undertaken most commonly with inlaid disks. The second-and higher-order a.c. harmonic data are usually used in experimentsimulation comparisons to avoid obfuscation by the contribution from C dl . Table 3 summarises errors when k 0 was recovered from 15 data optimisation runs (k was confidently considered as a 'correct answer' for the identification of a fully reversible process. As required, data analysis is also insensitive to a, which, like k 0 , is not needed to describe a reversible process that is defined solely by the Nernst relationship.
Compensating Errors in [A, D, c]
When errors in A and c Ox compensate in the sense that A input c input ¼ A Nim c Nim , then, as expected, the recovered parameters conform closely with the input values with near-ideal fits of the analysed a.c. voltammetric data, with the model being achieved (C # 0.002) for both reversible and quasi-reversible cases (Table 3: (Table 3: (Table 3: 
Non-Compensating Errors in [A, D, c]
Non-compensating errors in A, D or c Ox impair the quality of fit that is detected as an increase in C, as expected. However, even with a 10 % level of error in the selected parameter, C values derived from the parameter optimisation exercise often remain below 0.05, which still may be regarded as 'good' experiment-theory agreement when simulated and experimental a.c. harmonic data are compared in a real experiment [6, 8, 9, 11] ( Table 3: (Table 3: , then this results in over-parameterisation. Ideally, fitting should be undertaken with a reversible model and E 0 being the only quantifiable parameter in this case. [6, 8] The problems associated with over-parameterisation can be even further enhanced if errors in the mass-transport parameters apply. The risk of fallacious identification of electrode transfer kinetics as quasi-reversible is confirmed when parameter optimisation is applied to real experimental data. Ten a.c. voltammograms obtained for the reversible oxidation of 0.92 mM Fc 0 in acetonitrile (100 mM (n-Bu) 4 NPF 6 ) at a low frequency f ¼ 9 Hz published by Simonov et al. [8] were fitted with the quasireversible model based on an incorrect c Nim ¼ 0.96 mM, which is only 4 % higher than the true value, and apparent k 0 , a, E 0 values were recovered with R u derived from EIS included in the simulation as a known parameter. The resulting k 0 Nim for the Fc 0/þ process was 1.7 Â 10 À2 AE 0.6 Â 10 À2 m s À1 . This value should be compared with the order-of-magnitude-higher k 0 Nim of $13 Â 10 À2 AE 2 Â 10 À2 m s À1 obtained with correct c Nim and reported as a lower limit, because the model was essentially the same as that for a reversible process. Importantly, C derived from the parameter optimisation with correct (0.92 mM) and incorrect (0.96 mM) c Nim only differed marginally. Furthermore, the same outcome was obtained with the use of the Global Method of Parameter Recovery (Oxford University), which is based on analysis of the total voltammetric current instead of the resolved a.c. harmonics. [8, 11, 21] One elegant approach to minimise the possibilities for the above unfavourable scenarios to emerge is the use of a specifically designed potential waveform containing two periodic components, one having a low frequency and the other a relatively very much higher frequency. [22] By first analysing the lower-frequency data and assuming that the process is fully reversible on this time-scale, a reliable [A, D, c] combination can be derived and subsequently used for accurate quantification of the electrode kinetic parameters on the basis of analysis of the kinetically sensitive higher-frequency data.
Conclusion
In most cases, experimentally reasonable errors (,10 %) in the mass-transport parameters A, D, and c do not introduce significant errors in k 0 and a values derived from the voltammetric experiment-theory comparisons for a quasi-reversible process, provided the kinetics are not close to the reversible limit. When analysis is undertaken on the a.c. harmonic components of the quasi-reversible a.c. voltammograms using a data optimisation strategy, the recovered k 0 depends on D in accordance with the classical d.c. voltammetric theory [1] when errors in D are counterbalanced by adjusting A or c to maintain constancy of the product AcD 1/2 . Interestingly, even large errors in D allow recovery of close-to-correct k 0 values from the higher a.c. harmonic content of the quasi-reversible a.c. voltammograms, when correct A or c are included in the model. A potentially perilous and difficult to detect situation can emerge when the a.c. voltammetric data obtained for a system that is reversible are fitted with a quasi-reversible model based on slightly overestimated masstransport parameters, which results in erroneous identification of the reversible process as quasi-reversible electron transfer with apparently quantifiable but erroneous k 0 and a values. At the same time, the problems highlighted herein do not apply to E 0 , which is always recovered with minimal error irrespective of the presence of errors in the mass-transport or kinetic parameters.
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